Orientation controlled alumina bicrystals were fabricated by a hot joining technique at 1773 K in air to obtain [0001] symmetric tilt boundaries including coincidence grain boundaries. The grain boundary energies were measured by the thermal grooving technique, and they were found to strongly depend on the grain boundary character. Atomic structures of those grain boundaries were observed by high-resolution electron microscopy (HREM). It was found that the atomic structures did not always correlate with the grain boundary energies. This finding indicates that the grain boundary energy originates not only from the atomic bonding on the grain boundary but also from the strain of the grain interior in the vicinity of the boundary. The grain boundary sliding was also investigated by the high-temperature creep test. As the results, the grain boundaries with the same energy showed different sliding behavior. The occurrence of grain boundary sliding is considered to depend on the atomic bonding of a grain boundary.
Introduction
The grain boundary sliding influences the high-temperature mechanical properties of polycrystalline materials, especially in the structural ceramics. [1] [2] [3] [4] Since the grain boundary sliding is considered to correlate with the atomic structure, some investigations concerning the grain boundary sliding and the atomic structure are necessary to understand the origin of the mechanical properties. The grain boundary atomic structure is expected to be related to the grain boundary characters, e.g.; rotation axis, rotation angle and boundary plane. Bicrystal experiments are therefore, needed to systematically investigate the relationship between grain boundary characters, atomic structures and mechanical properties.
A number of papers have been reported for bicrystal experiments to investigate the grain boundary energy, [5] [6] [7] [8] [9] atomic structure, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] grain boundary sliding [27] [28] [29] [30] [31] [32] [33] [34] [35] and so on. Although most of them focused on metals, and some papers have reported for ceramics. In the case of alumina, the grain boundary energy 6) and the atomic structure 14-16, 18, 19) have been investigated using bicrystals, but no bicrystal experiments of grain boundary sliding were reported so far.
In this study, we fabricated several kinds of alumina bicrystals with [0001] tilt boundaries including small angle, large angle and coincidence site lattice (CSL) boundaries by the diffusion bonding method. The grain boundary energies of them were evaluated by the conventional thermal grooving technique, and the atomic structures of their grain boundaries were examined by high-resolution electron microscopy (HREM). In addition, the grain boundary sliding behavior was investigated by high temperature compression creep tests, and the relationship among grain boundary energy, atomic structure and grain boundary sliding was discussed in detail. * Graduate Student, The University of Tokyo.
Experimental Procedure
Alumina bicrystals were fabricated by joining two single crystals with nominal purity of 99.99% at 1773 K for 36 ks in air. Single crystals for joining were cut into 5.0 × 10.0 × 10.0 mm 3 in size, and the surfaces were polished by colloidal silica to mirror surface. The geometric configuration of the bicrystal is shown in Fig. 1 . Two orientation controlled single crystals were joined so as to relatively rotate by 2θ around the common axis [0001] . The bicrystal, thus, possesses a symmetric tilt grain boundary with a rotation angle of 2θ in a range from 0
• to 60
• . Table 1 shows the tilt angles 2θ and Σ values for the bicrystals examined in this study. The CSL 31, 21, 13, 39, and 7, 36) respectively, are included in the present samples.
The grain boundary energies were measured by the conventional thermal grooving technique after annealing at 1673 K in air for 7.2 ks. The dihedral angles were directly measured from the groove profiles obtained by atomic force microscopy (SHIMADZU, SPM-9500E). The measurements of dihedral angles were made at 20 different points in all specimens, and their average value was used to estimate the grain boundary energy. It is known that the grain boundary energy is expressed by the surface energy and the dihedral angle of the groove as follows,
where, γ gb , γ s and ψ are the grain boundary energy, surface energy and dihedral angle, respectively. The atomic structures of grain boundaries were examined by high-resolution electron microscopy (HREM). TEM specimens were prepared using a standard technique involving mechanical grinding to a thickness of about 0.1 mm, dimpling to a thickness of 20 µm and finally ion beam milling to electron transparency at about 4 kV. HREM observations were performed using a Topcon 002B microscope operating at 200 kV with a point to point resolution of 0.18 nm. The beam direction was set perpendicular to the (0001) plane to observe the grain boundaries at the edge-on condition.
Grain boundary sliding behavior was investigated by the compression creep test under a constant stress of 15 MPa at 1723 K in air. Since no dislocation gliding and twining are expected to occur in sapphire at the present stresstemperature condition, 37, 38) we can evaluate only the behavior of grain boundary sliding based on the diffusion process. The schematic of the specimen is shown in Fig. 2 . The specimens for creep tests were cut into the size of approximately 3 × 4 × 9 mm 3 . In the specimens, grain boundary planes were set to incline 30
• with respect to the compression axis so that shear stress can be effectively applied for the grain boundary planes. The surfaces of specimens were polished by diamond paste to obtain mirror state, and the marker lines were scratched on the lateral planes along the compressive direction by diamond powders with the size of 3 µm to check the amount of sliding. Figure 3 shows the relationship between the grain boundary energy and tilt angle. In order to estimate the grain boundary energy, it is necessary to know the value of the surface • tilt boundary, which corresponds to the Σ13 CSL boundary. The atomic structure of this boundary is distorted, and forms a relaxedlike layer with a thickness of about 1nm along the boundary. Figure 4 (b) shows HREM image of 13.2
Results and Discussion

Grain boundary energy and atomic structure
• (Σ57) tilt boundary. The atomic structure of this boundary is somewhat periodic but not relaxed to form a layer. However the energies of 13.2
• (Σ57) and 27.8
• (Σ13) tilt boundaries were similar in spite of the difference in the atomic structure. This implies that the grain boundary energy originates not only from the atomic bonding on the grain boundary but also from the longrange strain around the grain boundary, e.g. the effect of DSC dislocation or structural unit. Figure 5 shows HREM image of the 50.0
• tilt boundary, which is deviated by 10
• from the exact Σ3 boundary. The dislocations are formed periodically along the boundary, and their distance is approximately 2 nm. These dislocations were considered to be displacement shift complete (DSC) dislocations with Burgers vector of 1/3[1100]. The boundary in alumina is thus consisted of DSC dislocations and the atomic structure of the exact Σ3 boundary. Here, applying the equation for the energy of small angle boundary, 40) the grain boundary energy for the boundaries deviated from Σ3 boundary can be described as the following equation,
where, G, v, r 0 and b are the shear modulus, Poisson's ratio, dislocation-core radius and the size of Burgers vector for the DSC dislocation, respectively. ∆θ is the deviation angle from the exact Σ3 grain boundary. The solid line in Fig. 6 shows the grain boundary energy calculated from the eq. (2) as a function of deviation angle. In the calculation, the values of G, v and b were selected as 130 MPa, 41) 0.24 42) and 0.274 nm, respectively. The radius of dislocation core is assumed to be 1.5b because the reported values are in the range from 1.5b to 2b.
6) The experimental energy data obtained from the thermal groove technique are also plotted in the figure. As can be seen, the calculated result agrees well with the experimentally obtained grain boundary energy, when γ Σ3 was selected as approximately 0.05 J/m 2 . It is noted that the elastic energy is generally larger than Σ3 boundary energy. This also implies that most part of the energy for the near Σ3 grain boundary originates in the strain due to DSC dislocations.
Grain boundary sliding
Grain boundary sliding behavior was investigated for the 13.2
• (Σ57), 17.9
• (Σ31), 27.8
• (Σ13) and 32.2 • (Σ39) tilt grain boundaries by the compression creep test under a constant stress of 15 MPa at 1723 K in air. The high-temperature creep experiments were carried out for the 27.8
• (Σ13) tilt boundary until the specimen fractured, and for the other boundaries until the specimens were deformed by approximately 10 µm. Since no plastic deformation due to dislocation gliding and twining occurred in grain interior under the test condition, deformation of the specimen is considered to be in proportion to the amount of grain boundary sliding. We observed the surface of samples by optical microscopy after the creep deformation and confirmed that deformation had not occurred in the grain interior.
The creep curves of the specimens with 13.2 • (Σ57), 17.9
• , 27.8
• (Σ13) and 32.2 • (Σ39) tilt grain boundaries are shown in Fig. 7 . It is assumed that the amount of grain boundary sliding is proportional to the amount of the total deformation of the sample because no plastic deformation occurred in grain interior during the creep test. The figure indicates that the grain boundary sliding strongly depends on grain boundary character. The sliding rate of the 17.9
• (Σ31) tilt grain boundary was the fastest among these samples. It took approximately 1.5 ks to slide by 5 µm for the 17.9
• (Σ31) tilt grain boundary, while approximately 160 ks for the 13.2
• (Σ57) tilt boundary to slide by 5 µm. The sliding rate of the latter specimen was the smallest among the examined specimens. It is noted that the sliding rate of the 17.9
• (Σ31) tilt boundary was 100 times larger than that of the 13.2
• (Σ57) tilt boundary. In addition, it is noted that the sliding rates for the boundaries except 32.2
• tilt grain boundary are found to be accelerated. According to the experiments using cadmium bicrystals, 22) the rate of grain boundary sliding with crystal slip was decreased during creep test but the rate of grain boundary sliding without crystal slip was constant. In this work, grain boundary sliding behavior of the 32.2
• tilt grain boundary is similar to that of grain boundary sliding without crystal slip in cadmium bicrystals. However, behavior of grain boundary sliding of other grain boundaries is different from that of the grain boundary sliding with and without crystal slip. This must be a feature of the grain boundary sliding in alumina.
We observed morphology of the grain boundaries in deformed samples by AFM. The AFM image of the 13.2
• bicrystal that was polished by 50 µm is shown in Fig. 8 . We found that cavities were formed along the grain boundary. The size of cavities increased as the amount of grain boundary sliding increased. It can be considered that cavities were formed and grown during creep deformation and also accel- erated the grain boundary sliding rates. It is, therefore, reasonable to discuss the relationship between the grain boundary character and the grain boundary sliding from the sliding rates obtained at the region of small deformation to eliminate the effect of cavity formation. Figure 9 shows the relationship between the amount of grain boundary sliding and deformation time at the early stage of creep deformation. The grain boundary sliding rates are estimated from Fig. 9 . The dashed lines represent tangential lines of the curves at the minute deformations. The sliding rates of 13.2
• (Σ13) and 32.2
• (Σ39) tilt grain boundaries, which were calculated from the dashed lines, are 0.035 nm/s, 2.7 nm/s, 0.13 nm/s and 0.71 nm/s, respectively. The sliding rates are much dependent on the grain boundary character and take a maximum value of 2.7 nm/s at the 17.9
• (Σ31) tilt grain boundary and take a minimum value of 0.035 nm/s at the 13.2
• (Σ57) tilt grain boundary. Figure 10 shows the relationship between the grain boundary sliding rate and the grain boundary energy. It can be found from Fig. 10 that there is no relation between the sliding rate and grain boundary energy. This result is considered to be due to the difference in the origins of the grain boundary sliding and the grain boundary energy. The relation between atomic structure, energy and sliding are now under consideration in detail from the view point of the grain boundary character, but it is safe to say that the occurrence of grain Fig. 10 The relationship between grain boundary sliding rates and grain boundary energies.
boundary sliding is dependent on the atomic structure rather than its energy.
Conclusions
We fabricated several kinds of alumina bicrystals which posses [0001] symmetric tilt boundaries and investigated their grain boundary energy, atomic structure and grain boundary sliding behavior. The following results were obtained.
(1) Grain boundary energies are dependent on the grain boundary characters. The 0
• (Σ1) and 21.8
• (Σ21) boundaries take especially low energy of 0.05 J/m 2 , while other large angle boundaries take the energy value ranging from 0. The grain boundary energies of the 27.8
• (Σ13) boundary and the 13.2
• (Σ57) boundary are almost the same, although the respective atomic structures are very different. This indicates that the grain boundary energy may originate not only in atomic bonding at a grain boundary but also in the strain in the vicinity of the boundary.
(3) The behavior of grain boundary sliding strongly depends on the grain boundary character. The sliding rate is extremely sensitive to the grain boundary character compared with grain boundary energy. It is considered that the grain boundary sliding is controlled by the grain boundary atomic structures.
